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VARIATION IN NATURAL MORTALITY: IMPLICATIONS FOR
QUEEN CONCH STOCK ENHANCEMENT

Allan W Stoner and Robert A. Glazer

ABSTRACT

Our long-term investigations of mortality and predation in the large, economically
significant gastropod Strombus gigas (queen conch) indicate that instantaneous rates of
natural mortality (M) in nursery grounds in the Bahamas and the Florida Keys are often
higher and more variable than recognized earlier. Wide divergence from a simple size-
specific curve of natural mortality was caused by seasonal, interannual, and site-specific
sources of variation. In the Florida Keys, mortality rates for 200-mm conch were highest
in summer and most stable in the fall, but summer values of M varied interannually from
<2.0 to 12.0. Mortality rates for 100-mm conch, often considered ideal in size for field
releases, varied from 0.5 to 12.0, depending on site, season, conch density, and deficits in
behavior and shell form associated with hatchery rearing. Unlike many marine inverte-
brates, juvenile queen conch have an inverse density dependence in mortality. Because
of the logarithmic relationship between mortality rate and the cost to enhance a stock, it
is critical for those involved in stock enhancement to have a realistic understanding of
mortality processes and effects and to optimize culture and release strategies for highest
possible survival. Specific recommendations are made for queen conch releases.

One of the important premises of releasing hatchery-reared juveniles into the natural
environment for stock enhancement is that high levels of natural mortality associated
with the earliest stages of development are circumvented. Also, because mortality rates
decrease rapidly as animals mature from larval to juvenile stages, variation in mortality
during juvenile and adult stages is often assumed to be negligible. Although the first
assumption is probably correct for most marine species, the second is not, and variation
in mortality can have a large effect on yield (Vetter, 1988).

Success in releasing hatchery-reared marine species is usually gauged by the number
of individuals that are recovered subsequent to release. The results have been highly
variable, ranging from almost total mortality or loss of the released stock to rates of
recovery approaching 100%. Temporal, spatial, and size-related variations in survivor-
ship have been reported for abalone (Schiel, 1992), scallops (Tettelbach and Wenczel,
1993), queen conch (Stoner and Davis, 1994), and clams (Peterson et al., 1995). Future
success in stock-enhancement programs will depend on the optimization of release proto-
cols designed to achieve high survivorship rates and low cost per survivor.

The large gastropod Strombus gigas (queen conch) is one of the most important tradi-
tional fishery species in the greater Caribbean region, but the fishery has declined below
the level of economic viability in several countries of the region, and serious declines
have been reported in most others (Appeldoorn, 1994). Fishing for queen conch is now
illegal in the continental United States, Bermuda, and Bonaire, but efforts to aliow natu-
ral rebuilding of stocks through fishing moratoria have not been effective in Florida (Glazer
and Berg, 1994; Berg and Glazer, 1995) or Bermuda (Berg et al., 1992). Stoner et al.
(1996, 1997) concluded that reproductive stocks in the Florida Keys are now so low and
larval supply to nursery grounds is so irregular that recruitment is below a critical level.
For 20 yrs, release of hatchery-reared conch has been recommended as a way to replenish
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depleted stocks (Berg, 1976; Weil and Laughlin, 1984; Davis et al., 1987). Culture tech-
niques have been perfected through many years of research reviewed by Creswell (1994)
and Davis (1994), but releases into the field have not been successful because of high
rates of mortality (Jory and Iversen, 1983; Laughlin and Weil, 1983; Appeldoorn, 1985;
Iversen et al., 1986; Stoner and Davis, 1994).

Queen conch provide a convenient model for studying natural mortality because the
species is large and slow-moving, is easily tagged, and leaves a record of mortality in the
form of empty or broken shells. Although conch occasionally die from low-temperature
shock and high wave energy in Florida and the Bahamas (Iversen et al., 1986; Glazer,
pers. obs.), we know of no record of their having diseases or parasites, and most
postsettlement mortality appears to be predator-induced. Many new investigations on
queen-conch mortality have been conducted over the past 10 yrs, and much of this work
has been carried out at our laboratories in the Bahamas (Stoner) and Florida (Glazer). In
the present paper we present a synopsis of the mortality estimates and experiments re-
lated to predator-induced mortality in queen conch. We pay particular attention to varia-
tion in mortality with respect to season, location, conch ontogeny, and density. Although
the results of this study are specific to queen conch, the forms of variation in mortality
that we identify are universal and need to be considered in any stock-enhancement pro-
gram.

MATERIALS AND METHODS

This study is based on results from a variety of published and unpublished investigations.
Appeldoorn (1988) summarized available mortality data for queen conch through the mid-1980s
and produced the first curve of age-specific mortality for the species. New data on mortality in
free-ranging juvenile queen conch are available for two geographic regions: near Lee Stocking
Island in the Exuma Cays, Bahamas (Sandt and Stoner, 1993; Stoner and Ray, 1993; Stoner and
Davis, 1994), and in the Florida Keys (Glazer, unpubl. data). We restrict our analysis to mortality
data for free-ranging individuals, though several other studies of relative mortality in tethered juve-
nile queen conch are available for discussion (Marshall, 1992; Ray and Stoner, 1994, 1995a, b; Ray
et al., 1994; Stoner and Lally, 1994).

The aging of wild conch is imprecise because they grow at different rates in different environ-
ments (Martin-Mora et al., 1995), and mortality appears to be more directly related to absolute size
than to age (Ray et al., 1994). To compare our mortality rates with those cited in Appeldoorn’s
review (1988), we converted his age-specific data to a size-specific relationship using conch length
information provided in the original publications cited (Fig. 1). Also, because queen conch cease to
grow in shell length when they reach sexual maturity at approximately 3 yrs of age (Randall, 1964)
and because we wanted our findings to be relevant to the stock-enhancement issue, we restricted
our analysis to juvenile conch <225 mm in shell length and <3 yrs of age.

Our calculations for instantaneous rate of natural mortality (M) were made on the basis of survi-
vorship data and were standardized for an annual period as reported by Appeldoorn (1988) and as is
common for fisheries data:

M= (log n, -log n,)/y
where n, and n, are the numbers of individuals in the population at time 1 and at some subsequent
time 2, and y is the fraction of a year between time 1 and 2. In most cases, calculations for M were
made on the basis of relatively short periods of time (30-90 d, 0.07-0.25 yrs) because it was desir-
able to evaluate seasonal and other forms of variation within the animal’s first 3 yrs of life.

EXPERIMENTS IN THE BaHAMAS.—Survivorship estimates in the studies of tagged conch near Lee
Stocking Island (Sandt and Stoner, 1993; Stoner and Ray, 1993; Stoner and Davis, 1994) were
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Figure 1. Instantaneous rates of natural mortality for juvenile queen conch. Adapted from Appeldoorn
(1988).

based on exhaustive surveys that were repeated at regular intervals (1-3 mo) after the conch were
released. In this analysis we have converted the survivorship data to values for M. Although the
precise methods for the tag and recovery investigations and the population estimates, dates, and
time intervals have already been reported in detail, we provide brief descriptions here.

In January 1989, Sandt and Stoner (1993) marked 500 small, wild conch (3554 mm shell length)
at a shallow, subtidal recruitment site near Lee Stocking Island. Thin spaghetti tags did not inhibit
the normal burial activities of the small conch but could be detected by divers even when the conch
were buried in the sediment. The tagged conch were surveyed every week for 6 wks; the mortality
for the entire period is considered here.

Stoner and Ray (1993) tagged 500 wild, juvenile conch (90112 mm shell length) and released
them in approximately equal numbers in three locations within the Shark Rock nursery near Lee
Stocking Island in September 1989. Releases were made near the center of an existing conch
aggregation (Zone F), where mean density was 1.0 conchm? at the beginning of the experiment,
and 0.5 km east (Zone B) and west (Zone I) of the primary aggregation. Exhaustive searches for the
tagged conch were made 1, 4, 7, and 12 mo later, and the recovery rates were used to determine
seasonal mortality rate.

Stoner and Davis (1994) conducted several experiments with wild and hatchery-reared conch
near Lee Stocking Island. In March 1991, approximately 2500 wild conch and 2500 hatchery-
reared conch, with an average shell length of 100 mm, were tagged and released in each of two large
seagrass areas near Lee Stocking Island. Site C1 was in the middle of a traditional nursery ground,
and site C2 was in an adjacent area with no conch within 300 m. Complete tag recoveries were
conducted 2, 5, and 7 m after release. Stoner and Davis (1994) also examined survivorship and
growth of conch in pens and on tethers, but only free-ranging conch are considered here.

ExprRIMENTS IN THE FLORIDA KEYS.—Tag-and-recapture studies were conducted at three nursery
sites in the Florida Keys so that seasonal and long-term variations in the natural mortality of wild
populations of juvenile queen conch could be examined. The nurseries, at Big Pine Key, Tingler’s
Island, and Walker’s Island, were all located in nearshore hard-bottom habitats that were character-
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ized by dense stands of red algae (order Ceramiales), sponges, octocorals, and infrequent patches of
turtlegrass (Thalassia testudinum). At each site, water depth ranged from intertidal to 4 m. Both
juvenile and adult conch were common at these three sites, and because the juveniles were large
(mean = approximately 180 mm shell length), they were easy to survey. In all of these sites, divers
tagged as many juvenile conch as possible and conducted seasonal recaptures (four times per year)
between 1987 and 1993. Exhaustive surveys were made at the release sites and in the adjacent
areas. Rates of survivorship were derived from abundance estimates determined by means of the
Jolly-Seber tag-recapture model for open populations (Seber, 1982), and natural mortality rates
were calculated as described earlier. In all cases, spring surveys were excluded from survivorship
and mortality calculations because abundance estimates could be affected by spring recruitment to
the observed population.

Tag-and-recovery experiments were also conducted with juvenile conch reared in the hatchery
facility of the Florida Marine Research Institute. In the first experiment, begun in August 1993,
two size-classes of tagged juveniles (mean = 51 mm shell length, SD = 6, n = 274; mean =79 mm,
SD =7, n = 120) were released in equal numbers at two locations separated by 0.4 km at Walker’s
Island. At release, the density of wild juvenile conch at Walker’s Island was 27.9 conch m?2. Ex-
haustive searches for the conch were made three times per week for 1 mo after their release, and
mortality was calculated for the overall period. A second experiment was conducted at Walker’s
Island in spring 1994. In April, 616 conch (56 mm, SD = 10) were tagged and released in equal
numbers at two sites and monitored for 1 mo as before.

A third release of hatchery-reared conch was made at Delta Shoal in April 1996. This nursery
site is located on a shallow platform approximately 8 km offshore from Key Vaca in a turtlegrass
meadow with moderate shoot density and a sandy substratum. Water depth is 5 m. Hatchery-
reared conch in two size-classes (mean = 60 mm, SD = 7; 80 mm, SD = 10) (n = 160 each) were
released in equal numbers at two sites separated by 150 m at Delta Shoal. The conch were marked
with aluminum tags, and they were recovered once per week through 23 June by divers using under-
water metal detectors tuned specifically for the tags (Glazer et al,, in press). In this experiment,
mortality was calculated for the 2-mo period according to the method of Jackson (1939) as adapted
for this experiment (Glazer et al., in press) to compensate for emigration.

Resurrs

VARIATION FROM THE PREDICTED Size-SpeciFic CUurve.—All mortality data used in
Appeldoorn’s (1988) review were for wild queen conch 80-215 mm total shell length,
except for one value for small, hatchery-reared juveniles (approximately 40 mm) (Fig. 1).
The hypothetical curve shows a rapid decline in mortality rates for conch between 40 and
80 mm and then a slow decrease in M (from 4.0 to 1.0) with increasing conch size.

Two important observations can be made when our new mortality values are added to
the earlier data and curve (Fig. 2). First, instantaneous rates of mortality estimated from
survivorship data gathered over relatively short periods (1-3 mo) can be very high, even
for large conch near sexual maturity (> 200 mm). Second, variation in mortality rates was -
very large throughout the range of sizes examined (40-225 mm). The only new estimate
of M for wild conch as small as 45 mm in shell length was 12.0 (from Sandt and Stoner,
1993), well above that found on the mortality curve generated by Appeldoorn (1988).
Other data for conch near 50 mm are for hatchery-reared animals in the Florida Keys;
these fell above and below Appeldoorn’s mortality curve (Fig. 2).

TeEMPORAL VARIATION IN MORTALITY.—Long-term data from three conch nurseries in the
Florida Keys (Fig. 3) show dramatic changes in the mortality rates of large juveniles over
time, on both seasonal and interannual scales. When data for two or more seasons were
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Figure 2. Instantaneous rates of natural mortality for juvenile queen conch. Data collected subsequent
to Appeldoorn’s (1988) analysis have been added to the points and curve shown in Figure 1. All of
the data are from studies of mortality in free-ranging conch.

available for a particular year, mortality rates were always highest during summer months
at Big Pine Key. At the other nurseries, summer mortalities were either high or close to
the values determined for the other seasons, particularly when overall mortality rates
were low. An exception occurred at Walker’s Island in 1992, when summer and winter
mortalities were about one-half the fall value.

Interannual variation was particularly apparent at Big Pine Key, mortality rates were
high in 1988 and 1990, and values in 1989 were well below the mean calculated over all
dates (4.71). In areas where data were collected during the same seasons at Big Pine Key
and at Tingler’s Island, mortality rates were relatively similar (Fig. 3). Mortalities at
Walker’s Island were the most stable, varying between approximately 1.0 and 4.0 over 7
yr except in summer 1988. It should be noted, however, that even this range of variation
in M represents more than an order-of-magnitude difference in the percentage of conch
surviving, from 36.8% per year down to 1.8%. Over the 7-yr investigation, rates of mor-
tality were least variable in the fall.

InTERACTIONS OF TIME, S1zE, aND DENsiTY.—The effect of season on conch mortality was
obviously modified by the effect of increasing conch size in the Shark Rock nursery near
Lee Stocking Island (Fig. 4). As conch grew from an average length of 103 to 133 mm,
they appear to have escaped the normally high mortality rates associated with summer
months observed in Florida. A high correlation coefficient was observed between log, -
transformed values of M and conch length (r=0.833, Fuo =22.73, P =0.001), despite the
obvious differences in mortality among zones in the nursery (Fig. 4).

Conch mortality rates were always lowest in the center of the Shark Rock nursery (Zone
F), whereas they were high in peripheral zones B and I. Although simple locational
effects on mortality cannot be ruled out, differences in conch density provide the most
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Figure 3. Instantaneous rates of natural mortality for large juvenile queen conch (175-215 mm
shell length) shown over time for three different nurseries in the Florida Keys. Data for three
seasons are shown. Note that missing histograms indicate no data, not zero mortality.

plausible explanation for differences in mortality rates among the zones. Average densi-
ties in Zones B and I were low (0.18 and 0.1 conch m?, respectively) compared to the
density in Zone F (1.15 conch m?).

Mean length of conch in the Florida nurseries was always 175-215 mm. Variation in
the mortality rates (Fig. 3) of these large conch was not readily explained by differences
in size or density. Even when data for the three different nursery grounds were examined
independently, there were no significant correlations between mortality and mean size (r
<0.33, P > 0.2, for all sites) or between mortality and conch density (r < 0.47, P > 0.40,
for all sites).

PERFORMANCE OF HATCHERY-REARED CoNcH.—Mortality rates of hatchery-reared conch
were consistently higher than those of wild conch at two adjacent sites near Lee Stocking
Island, regardless of season (Fig. 5). None of the interaction terms in a 3-way ANOVA
were significant (P > 0.10 in all cases), and differences in mortality between the two sites
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Figure 4. Instantaneous rates of natural mortality for juvenile queen conch in three zones of the
Shark Rock nursery ground, Lee Stocking Island, Bahamas. Zone F was in the center of the nursery.
Zones B and I were on the periphery, where densities of juvenile conch (shown above the histograms)
were low. Average total lengths (TL) of tagged conch reflect growth over the study period from fall
1989 through summer 1990.

were not significant (F ;= 1.93, P = 0.26). However, differences among the seasons and
between the conch types were highly significant (F, , =408.1, P = 0.002, and F, ;=15.43,
P =0.029, respectively). Hatchery-reared conch were killed at rates 1.5-6.4 times higher
than were wild conch. Wild conch grew faster and had consistently lower mortality rates
than did hatchery-reared conch over the 7-mo experiment (Fig. 5).

Small hatchery-reared conch were released in several experiments in the Florida Keys
between 1993 and 1996. Despite a very high ambient density of young conch at Walker’s
Island in 1993, mortality rates were high: M was between 5 and 12.3 for 79- and 51-mm
conch, respectively (Table 1). Mortality rates for 56- to 80-mm conch in 1994 and 1996
were always high, between 4.3 and 7.7. Although the lower values for M are close to the
mortality rates predicted by Appeldoorn (1988) (Fig. 1), most are much higher.

DiscussioN

Sources o VARIATION IN MortaLiTy.—Reviews of mortality rates for fishes (Vetter,
1988) and motile molluscs such as scallops (Orensanz et al., 1991) and abalone (Shep-
herd and Breen, 1992) show that age- and size-specific data are relatively rare. However,
existing data usually show a decrease in natural mortality rate with increasing age or size
(e.g., Whetstone and Eversole, 1978; Saito, 1984; Shepherd and Breen, 1992; Peterson et
al., 1995), as is generally assumed. Field experiments using 10 size classes of juvenile
queen conch (20-130 mm shell length) at a single site in the Bahamas indicated that there
was a smooth sigmoid increase in survivorship as conch size increased (Ray et al., 1994).
However, when all of the available data on mortality of free-ranging juvenile queen conch
were considered together, it was impossible to fit any size-specific curve (Fig. 2), and it is
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Figure 5. Instantaneous rates of natural mortality in hatchery-reared and wild conch at two study
sites near Lee Stocking Island, Bahamas. Site C1 was within the boundaries of a juvenile aggregation.
Site C2 was outside the aggregation, 300 m away. Average lengths of tagged conch reflect growth
over the study period from March through November 1991.

clear that size-dependent mortality can be completely masked by variations in time and
space.

Mortality in juvenile queen conch varied seasonally and interannually. Although the
seasonal pattern is still not absolutely clear because of confounding variables, summer
mortality rates were consistently high for large juveniles in the Florida Keys. This result
is not surprising given that high summer temperatures probably accelerate metabolic,
locomotor, and feeding rates of fish and invertebrate predators. In the Bahamas and
Florida, an important predator of juvenile conch is the tulip snail (Fasciolaria tulipa).
This predaceous snail appears to be most active during summer months (pers. obs.), and
Jory (1982) showed that predation rates on queen conch juveniles are directly related to
water temperature. Also, certain predators may be more abundant in conch nurseries
during particular seasons or years, but we know of no quantitative data concerning these
predators that would be adequate for determining seasonal abundance patterns. Peterson
et al. (1995) concluded that the late fall and winter were the best times to release hard
clams (Mercenaria mercenaria) into the wild because their primary predators (Callinectes
sapidus) were relatively dormant during that time. The same strategy may be appropriate
for conch, but given that conch of different sizes are consumed by different types of
predators, from xanthid crabs feeding on newly settled conch (Ray et al., in review) to sea
turtles that consume large juveniles and adults, temporal variation in mortality may be
strongly confounded by conch size.

Although juvenile queen conch live in very specific locations within large, seemingly
homogeneous seagrass beds in the Bahamas (Stoner et al., 1994), mortality rates were
very different in different regions of the Shark Rock nursery. This variation appears to
have been related to differences in conch density; natural mortality decreases with in-
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Table 1. Instantaneous rates of natural mortality (M) for hatchery-reared juvenile queen conch
released at two sites in the Florida Keys. Mortality rates are based on tag-and-recovery
experiments conducted with free-ranging conch.

Site Date Mean length (mm) M

Walker’ s Island summer 1993 51 12.31
summer 1993 79 4.99
spring 1994 56 4.34

Delta Shoal spring 1996 60 7.63
spring 1996 80 7.13

creasing density. A similar conclusion of inversely density-dependent mortality in juve-
nile queen conch has emerged from tethering experiments (Marshall, 1992; Ray and Stoner,
1994, 1995a). A weak reverse trend (density-dependent mortality) was reported for the
abalone Haliotis laevigata (Shepherd and Breen, 1992). Understanding the relationships
between density and mortality in target species will be particularly critical in stock en-
hancement, and it is unlikely that the relationships are linear. Field experiments have
shown that juvenile queen conch compromise growth rate by maintaining aggregations of
relatively high density, but mortality was inversely density dependent and aggregation
behavior confers survivorship advantage on the population (Ray and Stoner, 1995b).

Other variables that may affect spatial variation in mortality rates include the amount of
vegetative cover (Marshall, 1992; Ray and Stoner, 1995b), water depth, abundance and
types of predators, and even the degree of fishing pressure on predators such as lobsters
or sea turtles. On the basis of temporal and spatial variations in mortality, Tettelbach and
Wenczel (1993) hypothesized that enhancement of bay scallops (4drgopecten irradians)
would be most successful if scallops were released at several different locations. Spatial
variation in mortality of the abalone Haliotis iris was also highly significant, but Schiel
(1993) concluded that commercial-scale enhancement could be economically practical
even if low mortality occurred in only some of the release sites. The effects of scale and
stocking density on conch mortality have not yet been investigated but should be consid-
ered in the development of optimal stock-enhancement strategies. For example, 1000
conch released at one individual per square meter may result in a mortality rate very
different from that of 10,000 released at a similar density.

PorenTiaL ErrecTs oF HATCHERY REARING.—Despite the difficulties involved in hatch-
ery production of queen conch, the culture of this species has become relatively routine in
a small number of facilities in the greater Caribbean region. Hatchery-produced animals,
however, can have certain morphological, physiological, and behavioral deficiencies that
increase their mortality in the field over that of natural stocks. Quantitative estimates of
these differences between wild and hatchery-produced animals are few but have been
made for the trout Salmo trutta (Berg and Jorgensen, 1991), the abalone Haliotis iris
(Schiel, 1992) (Table 2), and queen conch (Stoner, 1994). Although the mechanisms are
not clear, hatchery-reared animals suffered significantly higher mortality rates than wild
animals did in all of these cases. Tagging and other handling procedures were equivalent.
Olla et al. (1994) concluded that deficiencies in social behavior and predator-avoidance
could have substantial influence on survivorship capabilities in hatchery-reared fishes,
even in the absence of any morphological deficiencies. Stoner and Davis (1994) found
that hatchery-reared queen conch had a lower rate of burial into the substratum than wild



Table 2. Values collected from the literature on the instantaneous rates of natural mortality (M) for selected molluscs. Emphasis has been placed on mortality
values calculated for free-ranging, unprotected juveniles observed for periods of 1 yr or less. (100) indicates total mortality over the study period.

Taxon Reference M (year™) Comment
Abalone
Haliotis discus Saito (1984) 10.3 <22 mm, hatchery-reared
4.71 >22 mm, hatchery-reared
H. iris Schiel (1992) 8.66 0+ year class, hatchery-reared
4.07 0+ year class, wild
21.77 1+ year class, hatchery-reared
3.37 1+ year class, wild
Schiel (1993) 0.32-4.44 3-0 mm, hatchery-reared
H. kamtschatkana Emmett and Jamieson (1988) 0.44-1.52 80-90 mm, wild
H. laevigata Shepherd (1987)" 3.54.6 settlement to 6 mo, wild
0.2-1.1 0.5-2.5 yrs, wild
H. rubra McShane (1990) 6.6-10.2 settlement to 5 mo, wild
: Day and Leorke (1986)" 0.91 6—18 mo, wild
H. scalaris Shepherd and Godoy (1989)" 1.1 1-3 yrs, wild
Bivalves
Mercenaria mercenaria Whetstone and Eversole (1978)" 5.0 13 mm
1.0 20 mm
0.3 27 mm
Flagg and Malouf (1983)" 3.42-(100) 3 mm, 10-11 mo
0.05-3.07 23 mm
Peterson et al. (1995)" 0.81-3.25 0+ yr class, habitat-dependent
Argopecten irradians Tettelbach and Wenczel (1993) 0.60—(100) 15-40 mm, hatchery-reared, few survivors

*Values for M that were calculated from reports of survivorship and time interval between surveys.
*Values exiracted from Shepherd and Breen (1992).
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conch did, in addition to having shorter apical spines on the shells. Both of these factors
could affect the higher mortality rates observed in the cultured conch. Successful stock
enhancement will depend upon releasing animals that have mortality rates comparable to
those of natural stocks.

RECOMMENDATIONS FOR ReELEASING HATCHERY-REARED CONCH.—The average mortality rate
for juvenile queen conch may be close to the size- or age-specific equation postulated by
Appeldoorn (1988), but variation over space and time (weeks to years) can be very large
because of the variables that we have identified. Releasing conch at the wrong time or
place could have serious consequences. On the basis of this review of mortality and our
general experience with queen conch in the field, we make the following recommenda-
tions:

(1) Queen conch should be released at the largest size practical, probably >70 mm shell
length, but the advantage of size can be lost if a low-quality seed stock is used or if the site
selected or the release technique is poor.

(2) All effort should be made to increase the quality of seed animals. High-quality seed
animals have shell characteristics (e.g., shell shape and thickness) that are normal, growth
rates that are as high as those found in wild populations, and the behavioral patterns
needed to avoid predators and to detect and consume appropriate foods.

(3) Site selection for stock enhancement should be made on the basis of preliminary
information. First, if possible, historically important nursery areas (i.e., areas occupied
by conch or areas known to have been previously occupied) should be used rather than
sites that are simply convenient or seem to have suitable substrata. We now know that
nurseries occur in very specific locations for a variety of reasons, including low predation
rates, but historically important nurseries may have changed over time because of natural
events or human activities. In addition, distributional information may not be available
for these nurseries. In such cases, preliminary experiments on the trophic suitability of
the habitat for young conch will be needed. These should include small-scale transplant
experiments (normally using enclosures) and experiments on predation rate (Stoner, 1994).
Cultured conch are usually too expensive for trial-and-error releases.

(4) Because mortality appears to vary interannually, losses may be unpredictable even
in a well-studied nursery. For this reason, success in stock enhancement will probably
depend upon the simultaneous release of conch in numerous high-quality sites over more
than one year.

(5) Predation-induced mortality in juvenile queen conch declines significantly with
increasing conch density, at least up to the point at which growth is inhibited. The opti-
mal density for conch releases is probably site-specific, but considerable “safety in num-
bers” occurs at approximately one conch per square meter. As yet, it is impossible to
recommend how many conch should be released at any one site, but several thousand
would appear to represent a minimum.

(6) Given the high mortality rates during summer, releases should be made in the fall
concurrent with declining water temperature.

Natural mortality rates in juvenile queen conch are high and growth rates are relatively
low (Stoner and Ray, 1993; Stoner and Davis, 1994). Therefore, stock-enhancement pro-
grams should be built upon realistic expectations of survivorship and yield. Given the
current relatively high cost of producing seed conch and the relatively low price of conch
as a fishery product (e.g., US$1.00 per adult conch in the Bahamas), the direct enhance-
ment of fisheries by release of hatchery-reared conch may not yet be economically fea-
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Figure 6. Theoretical relationship between instantaneous rate of natural mortality (M) and cost to
enhance. Here we define “cost to enhance” as the value of survivors relative to seed cost 1 yr after
release. The cost of enhancement will increase logarithmically with increase in the rate of natural
mortality.

sible. However, conch populations in many areas, including the United States, have been
depleted to a level where they may not recover naturally (Stoner et al., 1996, 1997), and
stock rehabilitation is the primary goal. In cases such as this, the value of conch surviv-
ing to adulthood may best be measured in terms of their reproductive potential rather than
their direct contribution to stock numbers. Research in transgenerational enhancement
may be particularly productive where populations have been severely reduced and fishing
moratoria are in effect.

IMPLICATIONS OF VARIATION IN MoORTALITY.—Rates of natural mortality are often calcu-
lated over relatively long periods of time for animals that are large and easy to tag and
recapture. Data for small individuals, normally used in releases, are often rare. Among
economically significant marine species, mortality rates are probably best studied for
moltuscs such as abalone (Shepherd and Breen, 1992) and scallops (Orensanz et al., 1991).
We have extracted a sample of mortality data for various abalones, hard clam (Mercenaria
mercenaria), and bay scallop (drgopecten irradians), with emphasis on the first year or
two of life (Table 2). Values for M below 1.0 are uncommon, and the ranges tend to be
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great, similar to our findings with queen conch. Magnitude and variation in mortality
rates can have important consequences related to stock enhancement.
The cost to enhance a stock in the wild can be defined as:

(cost of seed)(number of seed released)

(number of individuals recovered)

and (cost of seed) . e¥

Thus, cost of enhancement is a direct function of mortality (Fig. 6), and cost will rise
logarithmically with M. For example, a mortality rate of at least 2.0 is common in queen
conch (Fig. 2) and many other juvenile molluscs during the first year of life (Table 2). At
this rate, cost to enhance is 7.39 times the initial seed cost 1 yr later (i.e., €* = 7.39).
Although this might be an acceptable cost if seed are not expensive, a mortality rate of 7.0
results in a cost to enhance that is 1097 times the seed cost (¢’ = 1097). Seed released at
a cost of $0.10 per individual would have values of $0.74 and $110.00 in the two sce-
narios, respectively. Many seed stocks cost considerably more than $0.10.

The results of this investigation suggest that mortality rates in queen conch can be
much higher than those predicted earlier. In addition to the relationship with conch size,
mortality rates can be highly variable with season, habitat, conch density, and culture
technique. Because of the logarithmic relationship between mortality rate and cost to
enhance a stock, it is critical for those involved in stock enhancement to have a realistic
understanding of mortality processes and effects and to optimize culture and release strat-
egies that will help ensure high survival rates,
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